Rationale: Estimating the probability of finding N2 or N3 (prN2/3) malignant nodal disease on endobronchial ultrasound-guided transbronchial needle aspiration (EBUS-TBNA) in patients with non-small cell lung cancer (NSCLC) can facilitate the selection of subsequent management strategies.
Treatment decisions for patients with non-small cell lung cancer (NSCLC) without distant metastases are highly dependent on the extent of lymph node involvement (1) (2) (3) . Given the limited accuracy of computed tomography (CT) and positron emission tomography (PET) for nodal staging and the superior safety profile of endobronchial ultrasound-guided transbronchial needle aspiration (EBUS-TBNA) over mediastinoscopy, the American College of Chest Physicians (ACCP) evidence-based lung cancer guidelines recommend a needle-based technique as the initial investigation of choice for staging the mediastinum in patients with NSCLC (3) (4) (5) .
However, mediastinal sampling is not required for all patients with NSCLC (4) . If the probability of N2 or N3 disease is sufficiently low, for instance in patients with cT1aN0Mx disease by PET-CT, then proceeding directly to surgery is a reasonable choice (4, 6) . What constitutes a sufficiently low probability of disease to justify proceeding directly to surgery is not otherwise well defined. The European Society of Thoracic Surgery working group considers a rate of unforeseen N2 disease at the time of surgery of 10% as acceptable (6) .
Providing more precise estimates of the probability of detecting N2/3 disease by EBUS-TBNA for individual patients before deciding on a staging or treatment strategy would therefore be valuable, because this would better inform the decision-making process in terms of the risks and benefits and would also improve the informed consent process. Indeed, such predictive models for estimating the probability of malignancy in solitary pulmonary nodules have been developed and used successfully for some time and their use is now recommended in the ACCP lung cancer guidelines (7) (8) (9) (10) (11) . However, there are no corresponding models for mediastinal disease.
The primary aim of this study was to develop models to predict whether or not EBUS-TBNA will identify N2 or N3 disease in patients with NSCLC without distant metastases. Secondary goals were to explore the impact of the conditional sensitivity of PET and CT in modeling and to quantify the information value of PET in terms of discriminatory function for predicting the probability of finding N2 or N3 disease on EBUS-TBNA (prN2/3).
Methods
We performed a multicenter retrospective cohort study of consecutive patients with NSCLC that underwent EBUS-TBNA for staging between September 1, 2009 , and January 31, 2013. The study was approved by the Institutional Review Board Committee 4, Protocol DR09-0101, at the University of Texas MD Anderson Cancer Center. Data were prospectively collected as part of the AQuIRE (ACCP Quality Improvement Registry, Evaluation, and Education) registry as previously reported (12) (13) (14) . Data were collected using standardized definitions, quality control checks, and protocols and was entered via a Web-based interface.
All consecutive patients with treatment-naive NSCLC undergoing EBUS-TBNA for staging were included. Patients with distant metastasis, suspected or confirmed synchronous primaries, recurrent lung cancer, small cell lung cancer, or other active malignancies were excluded. Patients with T4 disease caused by direct mediastinal invasion by CT were also excluded, because there would be little uncertainty as to nodal involvement.
Patient clinical characteristics, procedural information, and pathology results from the AQuIRE database were used (14, 15) . In addition a review of chest CT and PET scans was performed. These were used to define the radiographic N stage and location of the tumor (central vs. peripheral). CT and PET N stage was defined as the highest abnormal nodal station using the International Association for the Study of Lung Cancer staging system. Additional details on variable definitions are provided in the online supplement.
All EBUS-TBNA procedures were performed in a standard manner, with sampling of N3 followed by N2 and then N1 nodes. All lymph nodes measuring 0.5 cm or larger by EBUS were sampled, irrespective of CT and PET results.
Statistical Analysis
Prediction model development. We used data from The University of Texas MD Anderson Cancer Center to develop a model to help with the assessment of adenopathy in lung cancer (HAL). The primary outcome was the presence of either N2 or N3 disease (vs. N0 or N1) as determined by EBUS-TBNA. Additional details on outcome selection and rationale are provided in the online supplement. N2 or N3 disease and N0 or N1 disease groups were compared for each variable using chi-square or Fisher exact test for categorical variables and two sample Student's t test or Wilcoxon-MannWhitney test.
We evaluated the interaction between CT N stage and PET N stage, based on previous work that suggested the sensitivity of PET for mediastinal lymph node involvement is conditional on the size of the node on CT (16). We specified a priori that we would model N stage using interaction terms for PET-CT and tested this interaction using the Cochrane-MantelHaenszel test. Because PET-CT images do not use contrast we chose to lump N0/N1 disease together for CT but kept N0 and N1 separate for PET when creating interaction terms.
We used univariate logistic regression to identify variables associated with N2 or N3 disease. We specified a priori that variables that had a P value less than 0.2 on univariate analysis would be candidate
At a Glance Commentary
Scientific Knowledge on the Subject: Estimating the probability that endobronchial ultrasound-guided transbronchial needle aspiration will detect N2 or N3 malignant nodal disease in patients with non-small cell lung cancer can facilitate the selection of proper management strategies.
What This Study Adds to the Field: A model that uses positron emission tomography/computed tomography N stage, patient age, location of the tumor (central vs. peripheral), and histology was able to accurately predict the probability of N2 or N3 disease being identified by endobronchial ultrasound-guided transbronchial needle aspiration in patients with non-small cell lung cancer. The model was tested at three other hospitals and had excellent discrimination and was able to predict absolute risk after calibration.
variables for multivariable logistic regression models. We used backward selection with a P value less than 0.05 to stay in the model.
External Validation
Data from three other centers (Johns Hopkins, Henry Ford, and Cleveland Clinic) were subsequently used to externally validate the model. Consecutive cases were entered using identical definitions, forms, and quality control checks as in the development cohort. The model was calibrated to each center using a general calibration model presented in Steyerberg and coworkers (17, 18 ) (see online supplement for details).
Alternative Clinical Scenarios
The baseline model predicts prN2/3 using all information including CT, PET, and histology of the primary tumor. Because staging before diagnosis may be required (19, 20) , and because PET imaging may not have been done before EBUS-TBNA, secondary analyses evaluated model prediction without histology and/or PET.
Model Performance Assessment
For each model, area under the receiver operating characteristic (ROC) curve (AUC) was calculated. The Hosmer-Lemeshow goodness-of-fit test, Brier score, and observed versus predicted plots were used to assess model performance. A P value less than 0.05 was considered statistically significant and all tests were two-sided. All statistical analyses were performed in SAS version 9.4 (SAS Institute, Cary, NC) or STATA/SE 14.1 (StataCorp LP, College Station, TX).
Results
A total of 694 patients with clinical radiographic stage T1-3, N0-3, M0 disease underwent staging EBUS-TBNA for NSCLC in the model development cohort. Clinical characteristics according to N stage as determined by EBUS-TBNA are provided in Table E1 in the online supplement. Of these 61 did not have PET imaging performed, so the primary analysis was conducted on 633 patients (Table 1) . Of these 633 patients, 160 (25%) had N2 or N3 disease as determined by EBUS-TBNA. The distribution of positive N2 and N3 nodes by location is shown in Table E2 .
Model Development
We found that the sensitivity of PET for nodal disease was higher when there were enlarged lymph nodes on CT (CochraneMantel-Haenszel test, P , 0.001), indicating that there was significant effect measure modification between CT N stage and PET N stage for the outcome of nodal involvement. Therefore, for the multivariable analysis we used interaction terms to capture all combinations of PET (N0, N1, or N2/3) and CT (N0/1 or N2/3).
In the multivariable model (Table 2) , younger age, location within the central onethird of the hemithorax, adenocarcinoma histology, and higher nodal stage by CT and PET were associated with an increased prN2/3. ROC AUC was 0.85 (95% confidence interval, 0.82-0.89) ( Figure 1A ), model fit was acceptable as assessed by observed versus predicted plots (Figure 2 ), and as indicated by the Hosmer-Lemeshow test (P = 0.62). The Brier score was 0.125.
The predicted prN2/3 for a variety of scenarios are provided in Table 3 , based on the model development cohort. Predicted probabilities are for patients with ages anywhere from 40 to 80 (see Table E10 for a more detailed prN2/3 and a risk calculator for each specific decade of age).
External Validation
External validation was conducted at three other centers. A total of 839 patients with clinical radiographic stage T1-3, N0-3, M0 disease underwent staging EBUS-TBNA for NSCLC. Of these, 117 did not have PET imaging so the external validation analysis used 722 patients. Clinical characteristics according to ultimate N stage as determined by EBUS-TBNA are provided in Table E3 . ROC AUC was 0.88 (95% confidence interval, 0.85-0.91) ( Figure 1B) . The AUC for different institutions ranged from 0.82 to 0.92 (Table 4) .
Although discrimination as assessed by ROC curves was good, assessment of model fit by observed versus predicted plots ( Figure 3A ) and by Hosmer-Lemeshow test indicated that calibration of the model was slightly off in two of the three external validation sites (Table 4 ) (P , 0.001), possibly because of the different patient characteristics at different institutions. Of note, the overall prevalence of N2 disease in the validation sites (28%, 45%, and 56%) was different than the development cohort (25%). However, after calibration using the general calibration model method, multiplying the linear predictor of the logistic regression by b = 1.1 and adding a = 0.72 (17) , goodness of fit was acceptable (Hosmer-Lemeshow test, P = 0.54) and observed versus predicted plots ( Figure 3B ) confirmed good model calibration. The Brier score with calibration was 0.132.
Alternative Clinical Scenarios
Secondary analyses developed models for alternative scenarios, including when PET imaging was not available, histology was not available, and when both PET and histology were not available. The details of model development and validation for each scenario are provided in the online supplement (see Tables E4-E9 (Table 5) .
Discussion
In this study we developed a parsimonious clinical prediction model for prN2/3 in patients with NSCLC. Younger age, adenocarcinoma histology, central location, and higher N stage by PET-CT were associated with a higher prN2/3. The model performed well, with good discrimination (AUC ROC, 0.85) and calibration (HosmerLemeshow, P = 0.62) in the development cohort. External validation confirmed good discrimination (AUC ROC, 0.88) but calibration was required for higher prN2/3. Calibration of the model using the general calibration method resulted in good model performance as assessed by the HosmerLemeshow test, Brier scores, and plots of observed versus predicted prN2/3. In terms of clinical value, the model adds to the existing body of knowledge by providing more precise estimates of prN2/3 for individual patients. This in turn can help inform and improve the decision-making process.
Other investigators have tried to predict mediastinal lymph node metastases (21) (22) (23) (24) (25) (26) (27) (28) (29) (30) . Most of these studies focused on stage I NSCLC, and in some instances the investigators focused on one particular histologic type of NSCLC (23) (24) (25) (26) . Others restricted the population to patients with CT N0 disease or PET N0/1 disease (22, (27) (28) (29) (30) . Although these approaches provide useful research insights, for clinical prediction physicians need a broader rule, because in many cases the histology may be unknown and patients may have larger tumors or more advanced stage disease based on PET-CT.
A broader, more generalizable approach was used by investigators that derived a prediction rule from the Canadian Lung Oncology Group's randomized study of routine versus selective mediastinoscopy (21) . The investigators used chest radiographs and clinical risk factors, and their AUC was 0.70. Although their study was useful for estimating pretest probability before PET-CT, it did not use CT or PET data, making the study less useful in current practice.
Our model is consistent with and adds to the existing body of literature on prediction of mediastinal metastasis. This study confirms the findings of other investigators that young age and central location are risk factors for N2 and N3 disease (21, 22, 27, 28, 31) . In addition, this study integrates CT and PET data into the model, so the decision context is more applicable to current practice than prior studies (21) . Also, previous studies focused on surgical populations. But most patients with N2/N3 disease will never be treated surgically, which limits the generalizability of previous prediction rules developed from surgical cohorts.
Our model also provides insight into the incremental information value of PET when added to CT. Often a patient with a suspected lung cancer presents to their pulmonologist without a PET scan. A frequent question is should we proceed to EBUS-TBNA or do PET? Our data shows that if the patient has N2 disease by CT, then the incremental information value of PET is really based on its ability to detect extrapulmonary metastases. Finding extrapulmonary metastases on PET will change management. But in the absence of metastatic disease, information about mediastinal lymph node activity on PET will probably not impact the EBUS-TBNA decision because the CT combined with the clinical data suggest that the prN2/3 will be high enough to warrant EBUS-TBNA whether or not the mediastinal lymph nodes are PET positive (see Table E10 and the online supplement on applying the model to clinical situations). PET will, however, improve the accuracy of the prN2/3 estimate significantly. Conversely, in patients who have N0 disease by CT, the incremental information value of PET is larger. PET may detect extrapulmonary metastasis and it may also detect abnormal mediastinal activity. Either of these findings would directly impact the decision on whether or not to do EBUS-TBNA. This serves to highlight the importance of discordant CT and PET results. This study confirms the interaction between size of lymph nodes on CT imaging and PET sensitivity and specificity. This has been described previously in a metaanalysis (16) but it has not to our knowledge been integrated into prior prediction models. This finding is important, because discordant PET-CT images are not uncommon (see Table E11 ).
The model also adds to the existing body of evidence on whether size of the tumor impacts prN2/3. Although some prior studies have reported an association between larger size and prN2/3 (21, 27, 28, 32-36), others have failed to demonstrate an association (29, 37) . But many of these studies were limited to T1 patients, most did not or could not adjust for CT and PET N status, and none were predicting EBUS-TBNA yield. Our study failed to demonstrate a relationship between tumor size and prN2/3 after adjustment for age, location, and N status by PET-CT. This is a relevant clinical question, because although current guidelines address the issue of cT1aN0Mx by PET-CT, they do not address the rarer but relevant question of what to do with patients who have large tumors that are N0 by PET-CT. Although prior studies might suggest prN2/3 is high in such cases, our data suggest that prN2/3 is still low. For instance, in this study there were 56 patients who were PET-CT N0 with tumors greater than 5 cm in size. Only two (4%) had N2/3 disease by EBUS-TBNA. Proceeding directly to surgery in such patients, particularly if they are older and have peripheral squamous cell tumors, would be a consideration, depending on the comorbidities present.
When all of these elements are integrated into a model, it can help inform clinical decision making. A good prediction model must have both good discrimination and good calibration (see online supplement for details). But model performance in the development cohort usually overestimates actual performance, so validation requires reassessment, ideally with external cohorts that are distinct from the development cohort (38) (39) (40) .
To our knowledge this is the first study of EBUS-TBNA to externally validate a general clinical prediction model for prN2/3 (21-28). One prior surgical study externally validated a more limited model, focusing only on patients with a PET-negative mediastinum (29, 30) . Their AUC was 0.65 and the model overestimated risk in both the original and external validation cohorts, but age was not included and PET-CT interactions were not accounted for (29, 30) .
Although our model demonstrated good discrimination in the external validation cohort, inspection of the observed versus predicted plots ( Figure 3A) suggests that at prN2/3 greater than 20% our model underestimates the observed prN2/3. However, in terms of deciding whether or not to do EBUS-TBNA initially, once the prN2/3 is that high, it arguably makes little difference, because mediastinal sampling is warranted whether the true prN2/3 is 20% or 40% (4). So even in high prevalence validation sites, where calibration is limited when prN2/3 is greater than 20%, the model works well in deciding on whether or not to do EBUS-TBNA.
However, there are other benefits to having more precise estimates of prN2/3 that make calibration desirable. ACCP lung cancer guidelines suggest that if the pretest probability of N2 or N3 disease is sufficiently high, then if EBUS-TBNA is negative, mediastinoscopy is warranted (4). However, this is predicated on having accurate estimates of pretest probability before EBUS-TBNA to calculate posterior probabilities (i.e., negative predictive value). Although our model does not predict pretest probability of N2 or N3 disease based on the true gold standard of thoracotomy, the high sensitivity and close to 100% specificity of EBUS-TBNA make it reasonable to use the calibrated model's predicted prN2/3 as an approximation for the true probability of N2/3 disease. Because EBUS-TBNA is not 100% sensitive, this approximation represents a low estimate of the true probability of N2/3 disease, but at least we know the direction of the bias. This in turn can be used to estimate the posterior probability of disease following a negative EBUS-TBNA, provided we know the sensitivity and specificity of EBUS-TBNA. If this posterior probability is greater than the decision threshold (10% according to European Society of Thoracic Surgery), then it would be reasonable to consider a confirmatory mediastinoscopy.
Note that although the original uncalibrated model can be informative as to which patients may benefit from EBUS-TBNA, because it has good calibration up to , and histology. The figure plots the probability of N2/N3 disease by decile of expected risk as a function of the actual observed risk in that group. This includes an interaction term for positron emission tomography/computed tomography. The observed probability for each decile is on the vertical axis, the predicted probability according to decile is on the horizontal axis. A perfect model, where observed = predicted is shown by the line. a prN2/3 of 20%, it would not be suitable for informing which patients at an outside center should have mediastinoscopy after a negative EBUS-TBNA. That is because this clinical application requires accurate calibration throughout the whole range of prN2/3, and we have established that the uncalibrated model underestimates prN2/3 at the high end in some high-prevalence centers. However, with calibration ( Figure 3B ), the model is sufficiently accurate to help inform the decision as to which patients with a negative EBUS-TBNA might benefit from mediastinoscopy.
The online supplement provides further information on using the model to inform the decision on whether a mediastinoscopy is warranted following a negative EBUS-TBNA. Although some of the implications of the model are fairly straightforward (e.g., mediastinoscopy is usually warranted in patients with CT N2 PET N2 peripheral adenocarcinoma with a negative EBUS-TBNA) (Table 3) , other implications of the model are not so obvious. For instance in a 70 year old with Definition of abbreviations: CT = computed tomography; EBUS-TBNA = endobronchial ultrasound-guided transbronchial needle aspiration; PET = positron emission tomography; prN2/3 = probability of EBUS-TBNA demonstrating N2 or N3 disease. *Probability of N2/3 post negative EBUS: post-test probability of N2/3 disease following a negative EBUS-TBNA in a patient that had a pretest probability of disease equal to the prN2/3 shown in the column to the left. This is predicated on EBUS sensitivity and specificity being 89% and 100%, respectively, as per American College of Chest Physicians guidelines. Probability ranges are for patients from 40 to 80 years old. Younger patients have lower probabilities of N2/3 disease. For age-specific probabilities see Table E10 . Brier scores reflect the mean squared difference between predicted outcomes and the actual outcomes. Brier scores range from 0 to 1, with lower scores being better.
CT N2 PET N2 peripheral squamous cell carcinoma with a negative EBUS-TBNA the prN2/3 is only 7% (see Table E10 ). So the model provides additional insight to further inform the decision. Our model is analogous to clinical prediction models used to calculate the probability of cancer in pulmonary nodules (7, (39) (40) (41) (42) (43) . Pulmonary nodule prediction rules are widely available and have been integrated into guidelines and can even be downloaded as apps for mobile phones. Although some nodule studies have used cross-validation, few studies have externally validated the original models (39, 40) . The most rigorous studies evaluated the VA Cooperative and Mayo models and found a fair to good AUC (0.73 and 0.80, respectively) when applied to external cohorts (39) . However, calibration curves showed that the Mayo model underestimated probability of malignancy, whereas the VA model overestimated.
Compared with pulmonary nodule models, our model demonstrated better discrimination, with an AUC of 0.88 in the external validation cohort, but we had similar problems with underestimation of observed probabilities, which required model calibration. Possible reasons that would account for local variations in model calibration include differences in patient populations and variability in technology performance and interpretation. Examples of differences in patient populations would include the prevalence of background diseases (e.g., histoplasmosis) that might cause false-positive PET scans. Similarly, variability in PET performance or interpretation between centers may impact model calibration (16, 30, 44, 45) . Although the specific reasons underlying variability remain unknown, it is known that such factors as time to FDG injection, type of reconstruction, filter, attenuation, and scan length can impact standardized uptake value measurements (44, 45) . Indeed, prior metaanalysis has demonstrate that PET sensitivity and specificity vary significantly between studies (interquartile range, 67-91% and 82-96%, respectively); the same is true for CT (interquartile range, 50-71% and 66-89%, respectively) (16). Thus, because regional population differences will always be present, and because there will probably always be subtle but important differences in PET performance between centers, local calibration will probably always be necessary for any model to be applicable in the clinical arena.
This serves to emphasize the importance of external validation to assess absolute risk prediction as compared with looking solely at relative risk prediction. In this study we used the general calibration model method to calibrate our model (17) . Note this method does not change the model's performance in terms of discrimination because it is just a linear transformation of the log odds. But the absolute predicted probabilities do change. To our knowledge, no prior prediction model of either pulmonary nodules (7, (39) (40) (41) (42) or mediastinal nodal metastasis (21) (22) (23) (24) (25) (26) (27) (28) has applied this method.
We believe this method of calibration is important because it provides a practical solution that could be widely implemented. This applies not only to our model, but to outer two-thirds), and histology. The figure plots the probability of N2/N3 disease by decile of expected risk as a function of the actual observed risk in that group. This includes an interaction term for positron emission tomography/computed tomography. The observed probability for each decile is on the vertical axis; the predicted probability according to decile is on the horizontal axis. A perfect model, where observed = predicted, is shown by the line. (A) The uncalibrated model using data from the development cohort to predict outcomes in the external validation cohort. Note that although accurate at low probabilities (,20%), it is less accurate at high probabilities. (B) The calibrated model using the general calibration method (17) . The line shows that the observed frequency of N2/N3 disease was similar to the predicted probability. Brier scores reflect the mean squared difference between predicted outcomes and the actual outcomes. Brier scores range from 0 to 1, with lower scores being better. ‡ Full model as specified in Table 2 .
other models as well, such as those for pulmonary nodules. The factors listed in our model (age, PET-CT N stage, central location, and histology) are readily captured through the electronic health record. A relatively modest amount of data collected through the electronic health record would allow the prediction rule to be calibrated to local patterns, allowing the model to adapt and learn (18) . This would provide patients and their physicians with improved decision support tools that would be meaningful at the local level. Finally, this study should prompt reconsideration of current guidelines regarding which tests are most suitable for initial mediastinal evaluation. Current ACCP lung cancer guidelines recommend EBUS-TBNA, endoscopic ultrasoundneedle aspiration (EUS-NA), or a combined procedure as the first test in evaluating patients with a sufficiently high probability of mediastinal metastases (4) . Looking at the N2 and N3 nodes identified in this study (see Table E2 ), it is clear that in many cases EUS-NA would not have been able to reach the nodes involved. Stations 4R, 2R, 11RS, and 11L accounted for 44% of all positive N2 or N3 nodes and these cannot be routinely accessed with EUS-NA. We therefore suggest that the guidelines be refined, to indicate that EUS-NA by itself should not routinely be considered a suitable first test for mediastinal staging. EBUS-TBNA or combined EBUS-TBNA/EUS-NA would be the best options.
Although the data provided are practical and extend the work of prior investigators, it is important to recognize the limitations of this study. Although this was a multicenter study and the model was externally validated, it is a retrospective study and it therefore only includes patients who were referred for evaluation. Because of this it is difficult to judge how well the model would perform in patients who were not referred. Model performance in such groups is partially addressed by our retrospective validation of the model in three other centers. The finding that although discrimination was good, calibration was off in these other centers suggests that a combination of selection bias and residual confounding within strata may be impacting model performance (see online supplement for a detailed description of selection bias and residual confounding). Although this improved with use of the general calibration model, it still requires future prospective validation. In addition, the accuracy of mediastinal staging with EBUS-TBNA depends on technical factors of how the procedure is performed (46) . Our prediction rule is only externally valid in centers that perform EBUS-TBNA in a similar systematic manner, sampling all lymph nodes that are 5 mm or more in size, moving from N3 to N2 to N1. In addition, all of the centers involved in this study are high-volume centers, a characteristic that has been associated with higher diagnostic yield (15) . Results might be different in other centers.
Conclusions
This multicenter study developed a parsimonious clinical prediction model (HAL) for calculating prN2/3 in patients with NSCLC. Younger age, central location, adenocarcinoma histology, and higher PET-CT N stage were associated with increased prN2/3 disease. The HAL model was externally validated and proved to have good discrimination. A general calibration model was used to successfully improve model calibration (17) . The HAL model has the potential to facilitate clinical decision making in the staging of NSCLC when calibrated to local patterns. n
